Using a highly sensitive analytical method and careful attention to the possibility of contamination, we have measured hydrogen gas in the waters of a coastal anoxic salt pond and of the Cariaco Trench. Hydrogen concentrations in the anoxic portion of the coastal pond ranged from 0.4 to 3.5 nM and showed strong diel variations (factor of 2-4 at a single depth over 24 h) just below the anoxic interface; no diel variations were seen near the bottom. Concentrations also varied systematically with depth (factor of 6) and from day to day at a single depth (factor of 2). Uptake experiments designed to evaluate the importance of light and sulfate reduction to hydrogen cycling indicated that hydrogen consumption is not light-dependent either just below the anoxic interface (3.5 m) or near the bottom of the pond (4.5 m), and addition of 20 mM NaMoO, (an inhibitor of sulfate reduction) decreased hydrogen consumption at 4.5 m but not at 3.5 m. Because hydrogen uptake was independent of light, we suggest that diel variations in hydrogen concentration may be due to production of hydrogen in dark reactions by photosynthetic sulfur bacteria rather than to variations in uptake. In the Cariaco Trench hydrogen concentrations were uniform at about 0.2 nM throughout the anoxic portions of the basin. However, there was an indication of a maximum (0.4 nM) just below the anoxic interface, perhaps due to a greater supply of labile organic compounds to the fermentative bacteria at these depths or to physiological differences in bacteria with depth.
Hydrogen concentrations in nature may be strongly influenced by the activities of the various members of the anaerobic food chain (Kaspar and Wuhrmann 1978b; Lovley et al. 1982; Schlegel and Schneider 1978; Sorensen et al. 198 1) . In turn, because of the sensitivity of the thermodynamics of many fermentation reactions to hydrogen concentrations, the efficiency of hydrogen transfer between microbial producers and consumers may determine the pathways and rates of organic degradation (Iannotti et al. 1973; Kaspar and Wuhrmann 1978a ; McInerney et al. 1979; Wolin 1974) . The activities of hydrogen-producing and consuming organisms may depend on factors such as light intensity and the quantity and quality of organic carbon supply, so variations in these parameters may affect hydrogen concentrations and possibly carbon turnover. Clearly, it is important to understand the processes controlling hydrogen cycling in anoxic systems.
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Although several studies have been made of the distribution of hydrogen in natural waters (Bullister et al. 1982; Herr et al. 198 1; Scranton 1983; Scranton et al. 1982; Seiler and Schmidt 1974) few data are available for anoxic systems. Lilley et al. (1982) found levels of hydrogen in the open waters of Saanich Inlet, an anoxic fjord in British Columbia, of about 0.2-0.5 nM in the aerobic zone below the surface few meters and about 1 nM in the anoxic zone which begins at about 130 m. Conrad et al. (1983) found concentrations in Lake Loclat, a eutrophic lake in Switzerland, ranging from 10 to 90 nM in the aerobic zone and <9 nM in the anoxic zone; Dahm et al. (1983) found similar values, about 10 nM, for the anoxic portions of a lake near the Mount St. Helens blast zone. Schink et al. (1983) measured hydrogen in Great Salt Lake, obtaining values of up to 140 PM in the aerobic zone and 20 PM in the anoxic zone. Although these environments are very different (which may in part explain the large differences in concentration), the ease with which water samples can be contaminated with hydrogen suggested to us that it would be valuable to collect precise profiles of hydrogen in several marine anoxic basins. We also wanted to begin a study of the processes which con-993 trol hydrogen concentrations in anaerobic water. Most previous work on hydrogen cycling has been restricted to studies of sedimentary processes and has not included simultaneous concentration measurements (e.g. Lovley et al. 1982; Sorensen et al. 198 1) .
We present here profiles of hydrogen from a shallow anoxic salt pond which demonstrate that concentrations can vary significantly over a light-dark cycle. Results from hydrogen uptake experiments suggest that the cause of the variations observed may be diel variation in hydrogen production rather than in consumption.
We also present data for hydrogen distributions in a permanently anoxic marine basin, the Cariaco Trench. All our data have been obtained using a highly sensitive analytical technique with careful attention to contamination problems.
We thank C. (Karl et al. 1977; Richards 1975) . In 1982, the anoxic interface was at about 300 m and maximum observed sulfide concentrations were about 50 E.LM (L. Jacobs pers. comm.).
Sampling techniques-Because hydrogen is produced in large quantities during metal corrosion, we made considerable effort to minimize the use of metal in our sampling systems. In Salt Pond, a rowboat moored fore and aft to plastic Aoats attached by nonmetallic line to concrete weights was used as a sampling platform. In 1982 a fiber-glass boat was used. In 1983 an aluminum boat was used but no samples were taken from depths above 1 m, so contamination was unlikely. A Masterflex peristaltic pump fitted with Tygon (PVC) tubing was used to obtain water samples; silicone tubing was originally used, but gave significant although erratic contamination.
All samples, taken in ground-glass-stoppered bottles, were poisoned with a nitrogen-flushed saturated solution of HgCl, varying from 2 to 15 ml. liter-l depending on the sulfide level. Mercury was used both as a preservative and to prevent sulfide contamination of our analyzer (H2S levels are reduced by HgS precipitation). The addition of HgC12 does not affect results. All analyses were completed within 6-8 h of collection. Duplicate or triplicate samples were analyzed from each depth.
The Cariaco Trench samples were collected with &liter Niskin bottles or 5-liter Go-Flo bottles hung on a Kevlar nonmetallic cable. Exposed fittings inside the Niskin bottles were carefully coated with PVC cement before use and epoxy-coated or stainless steel messengers were used to further minimize contact of the samples with corroding metal. Cariaco Trench samples were also taken in ground-glass-stoppered bottles, poisoned with 1 ml of saturated HgClz solution as described above, and analyzed immediately, usually within 4 h. Duplicate samples were collected from each Niskin bottle to check on the reproducibility of analysis. Air samples were taken from the windward side of the bow in disposable plastic syringes fitted with gastight Hamilton valves. Samples were collected while the ship was underway to minimize contamination from stack gases. Air analyses were completed within 10 min of collection.
Hydrogen analysis-The small amounts of hydrogen in water samples were stripped from about 350 ml (Salt Pond) or 750 ml (Salt Pond and the Cariaco Trench) of seawater by a modification of the static vacuum extraction method (Herr and Barger 1978) . The method used for hydrogen analysis is based on the hot mercuric oxide reduction technique (Schmidt and Seiler 1970; Herr and Barger 1978) . Our modification of this method is described in detail by Scranton et al. (in prep.) . A gaseous sample is injected into a hydrogen-free gas train, dried with magnesium perchlorate, stripped of CO by passage through silver oxide, and then passed through a 1 -m-long, 0.63-cm-o.d. Molecular Sieve 5A column, which yields baseline separation of hydrogen and methane. Finally the gas passes into a 3-mm-i.d. glass furnace containing HgO deposited on a Chromosorb P (NAW) support and heated to about 200°-230°C by a wrap of nichromc wire. In the furnace, reduced gases such as hydrogen and methane react with the mercuric oxide to produce mercury vapor which is swept by the carrier into a lo-cm-long optical cell with quartz windows. The mcrcury vapor is detected by cold vapor atomic absorption spectrometry. Peak heights generated from sample injections are compared with peaks from injection of commercial standards containing hydrogen in nitrogen which have been calibrated by static dilution in our laboratory (Scranton et al. in prep.) . The absolute detection limit for Cariaco Trench samples was about 0.01 nmol H2 or 0.04 nM for a 750-ml sample. Following further instrument improvements, we reduced the detection limit to about 0.003 nmol hydrogen for Salt Pond samples in 1983.
It is difficult to be completely sure that all sources of contamination in both sampling and analysis have been eliminated. Because in many cases contamination in sampling is a random process, one indication of the quality of samples is in the precision of replicate analyses of samples collected at a single depth. Analytical precision for replicate water samples was & 8% or 0.04 nM H2 (whichever is greater) in Salt Pond, and 3-10% or 0.02 nM H2 for the Cariaco Trench. Precision for samples collected with different Niskin bottles at nearby depths is about + 14%, determined for a station in the Venezuelan basin during Knorr 99-2 (Scranton et al. in prep.) .
It is very difficult to prepare a laboratory blank which realistically duplicates the blanks to be expected in field analysis. An indication of the experimental blank is given by the minimum concentrations measured in different field sampling situations. The lowest hydrogen concentration we have observed in the open ocean is about 0.04 nM (Scranton et al. unpubl . data from the eastern North Pacific off Baja California). From these results we estimate our experimental blank (for sampling plus extraction) to be ~0.02 nM. Our plotted data are not corrected for any blank.
Uptake experiments-Hydrogen uptake experiments were done with samples of Salt Pond water incubated in 70-ml Wheaton crimp-seal vials. Thirty-milliliter water samples were collected directly from water flowing from the pump tubing into wellflushed, disposable plastic syringes (free of air bubbles) and were immediately injected into vials that had been preflushed with oxy-gen-free nitrogen. Pressure was kept at 1 atm by use of a vent needle. Vials were returned to the laboratory and the headspaces of each vial (about 40 ml) were flushed with a hydrogen standard containing 15.9 ppmv hydrogen in nitrogen. Samples were incubated in an oscillating shaker bath at 2 1 "C. (Ambient water temperatures at the depths from which water was collected were 18.9"-23.4"C; we chose a single temperature within this range to allow full stabilization of temperature and rapid initiation of incubation experiments after sampling.) For experiments with untaped vials, we used a light bank to provide light to the vials (about 2,000 lux). A lOO-200~~1 sample of the headspace of each vial was analyzed at intervals for hydrogen. Controls contained mercuric chloride (0.5 ml of saturated solution for a 30-ml water sample) or were boiled before injection into the vial. Experimental treatments included incubation in light, shaded, and dark vials, and the addition of sodium molybdate solution (purged with O,-free NJ to a final concentration of 20 mM. Others have shown that 20 mM NaMoO, completely inhibits sulfate reduction in marine sediments (Oremland and Taylor 1978; Sorensen et al. 198 1) . Although sulfate reduction assays were not performed for the Salt Pond samples, no sulfide smell was noted in vials incubated with molybdate in contrast to untreated vials which smelled strongly of sulfide. Therefore we believe that sulfate reduction was largely inhibited in the molybdate incubations. Uptake rates were estimated from linear regressions of calculated water concentrations (headspace concentration times Bunsen coefficient) as a function of time.
Results and discussion
Salt Pond-Several hydrogen profiles from Salt Pond in 1982 during daylight hours are shown in Fig. 1 . The profiles, obtained over the course of a week, were generally consistent, showing mixed layer concentrations at or below equilibrium with the atmosphere (0.43 nM). Below the anoxic interface, hydrogen concentrations increased with increasing depth, reaching maxima 2-4 times atmospheric equilibrium values at or near the bottom. Wiesenburg and Guinasso (1979) . Arrow indicates the approximate depth of the anoxic interface.
Samples taken at night had very different hydrogen distributions from samples taken in daylight (Fig. 2) . At all depths between 3.0 and 4.0 m, both above and below the anoxic interface (3.5-3.75 m), nighttime hydrogen concentrations were higher by a factor of 2-3 (a factor of 14 at 3.0 m on one occasion) than during the day. Near the bottom of the pond, hydrogen concentrations in the dark were slightly lower than in the light.
In 1983, the trends were similar. Hydrogen profiles on sunny days showed relatively uniform deep water concentrations between 0.5 and 1.5 nM. Concentrations at depths of 3-4 m (below the 3.0-m anoxic interface in 1983) increased significantly at night, while at depths below 4.0 m they were fairly constant or decreased slightly.
On 7-8 August 1983 hydrogen concentrations at three depths below the anoxic interface were determined about every 2 h for a 24-h period (Fig. 3) . At all these depths, hydrogen concentrations increased dramatically at night. Poor replication at 3.75 m may reflect the steep gradients below the interface at night. Concentrations at the greater depths did not fully return to values measured on 7 August, perhaps because 8 August was quite foggy. Temperatures of the samples suggested that the water masses sampled remained relatively constant over the 24 h.
While others have noted diel or diurnal variations in hydrogen concentration in aerobic waters of a lake and in the ocean (Conrad et al. 1983; Herr et al. 1984) , our results represent the first suggestion that diel changes in hydrogen concentration may also occur in anoxic systems. In addition, the direction of change in our experiment is opposite to that observed previously. Previous workers have found hydrogen maximal during daylight hours, while we observed maximum concentrations at night in the layer just below the anoxic interface.
Our uptake experiments provide some insight into the mechanisms causing the variations observed in Salt Pond. As described above, uptake experiments were performed by monitoring decreases in headspace concentrations as a function of time in crimpsealed vials. Results for one experiment in which samples were incubated in unshaded vials, in vials shaded with three layers of screening representing about 26% light, and in vials taped with two layers of electrical tape, are presented in Fig. 4 . Initial concentrations of hydrogen in the water samples (assuming equilibration of the headspace and water) were about 10 nM, somewhat above concentrations measured in the field (about 0.8 nM at the time of collection). However, since Fig. 3 shows that concentrations at 3.5 m may approach 3.5 nM at night (a factor of 2.8 less than the initial concentration in the uptake experiment), we feel that our perturbation of concentrations was not extreme.
Hydrogen uptake in the laboratory experiments was not dependent on light (rates were the same in light, shaded, and dark vials) but was completely inhibited by addition of HgC12 (Fig. 4) . Other experiments showed that boiling also stops hydrogen consumption (Fig. 5) . Sodium molybdate added to a final concentration of 20 mM to waters from 3.5 m gave no significant reduction of hydrogen consumption, but similar treatment did inhibit hydrogen uptake at least in part in waters from 4.5 m (Fig.  6A, B) . Molybdate is a selective inhibitor of sulfate-reducing bacteria in marine sediments (Oremland and Taylor 1978; Sorensen et al. 198 1) . Molongoski (pers. comm.) has found that sulfate-reducing activity reaches a maximum at 4.5 m.
Consumption rates may be determined from uptake experiments such as those in data. Rates obtained in this way cannot be directly compared with uptake in situ because of possible bottle effects and elevated headspace concentrations. However it is relevant that the rates calculated from the data in Fig. 4 represent uptake of 1.2 nM* h-l for the unshaded vial, 1.15 nM. h-l for the shaded vial, and 1.25 nM. h-l for the dark vial. (Variability of slopes was fairly small between duplicate runs, averaging about 20.07 nM* h-l for 1 SD.) All linear regressions yielded correlation coefficients highly significant at the 0.0 1% level. Light, shaded, and dark poisoned samples showed no significant decreases in hydrogen concentration with time.
If we assume that the uptake of hydrogen is a first-order process, the uptake rate, V, should be proportional to the ambient concentration:
Using uptake rates from our experiments and initial concentrations determined for the vials, we can estimate a turnover rate constant, k. From the data in Fig. 4 , V = 1 nM * h-l and [HZ] is initially 10 nM, so k = 0.1. h-l. Although we must be cautious about equating this turnover constant with the in situ rate, it is clear that hydrogen turnover can be quite rapid. Thus it is not unreasonable that hour-to-hour variations in hydrogen concentrations should occur. Conrad et al. ( 1983) have also observed rapid light-independent hydrogen uptake in a eutrophic lake. Both the concentration of hydrogen and the rates of hydrogen consumption measured were several orders of magnitude higher in Lake Loclat than in Salt Pond. In addition, the hydrogen uptake observed by Conrad and coworkers appeared to be due to an aerobic abiotic enzyme. The hydrogen consumption we monitored in Salt Pond probably is caused by different processes since it occurred under highly anoxic conditions. Our experiments did not permit us to distinguish between hydrogen consumption by a free enzyme and by living bacteria.
Our data indicate that hydrogen consumption in Salt Pond is mediated by bacteria, or possibly by an enzyme, which is inactivated by HgC12 and boiling (Conrad et al. 1983 ). Since consumption is not lightdependent, we must look to diel variations in some other process to explain the large increases in hydrogen concentration at night. In Salt Pond, an intense bloom of purple photosynthetic sulfur bacteria (Chromatium spp.) has been found below the anoxic interface (C. D. Taylor pers. comm.). Laboratory experiments indiate that photosynthetic sulfur bacteria can produce hydrogen during dark respiration or growth on reduced organic compounds in the dark. Since consumption is not light-dependent, possibly dark production of hydrogen by photosynthetic sulfur bacteria is a major source for increased hydrogen in the 3.0-4.0-m depth of Salt Pond. The fact that hydrogen concentrations reach a maximum well before sunrise may indicate that dark hydrogen production by photosynthetic sulfur bacteria represents metabolism of storage products produced during growth in the light (Uffen 1978) . Lack of diurnal variability at depths >4.0 m may reflect the absence of photosynthetic bacteria at these depths (C. D. Taylor pers. comm.). Although work on photosynthetic bacteria has been done in the laboratory at elevated substrate concentrations, our observations suggest that the same process may occur in nature.
Cariaco Trench-Hydrogen data from the water of the Cariaco Trench are the first to be obtained in a truly marine anoxic basin (Fig. 7) . In contrast to Salt Pond, the Cariaco Trench is a comparatively stable, permanently anoxic system. The depth of the oxic/ anoxic interface was about 300 m, well below the depth of the euphotic zone (about 23 m: Richards 1975) . The data plotted in Fig. 7 represent samples frdm 17 bottle casts at three stations over a period of 7 days. There were no systematic differences in hydrogen concentrations from samples taken at about the same depths at different times (night or day), and it appeared that any temporal variations in concentrations must occur over periods longer than those studied here.
Surface waters in the trench were about 30% supersaturated with hydrogen relative to solubility equilibrium with the atmosphere (based on measured atmospheric concentrations of 0.53 + 0.03 ppmv and the hydrogen solubility data of Wiesenburg and Guinasso 1979) . Immediately below the surface, and still within the euphotic zane, hydrogen concentrations decreased sharply; at depths between 75 and 300 m values were as low as any reported for the Atlantic or Caribbean (Herr and Barger 1978; Herr et al. 198 1, 1984) . Hydrogen concentrations in the subsurface waters of the Venezuelan Basin on this cruise were between 0.09 and 0.17 nM (representing 22-45% of saturation); thus the concentrations in the Cariaco Trench above the anoxic zone may reflect advective exchange of Caribbean and Cariaco Trench surface water.
Immediately below the anoxic interface, defined by the appearance of detectable sulfide (about 2 PM), hydrogen concentrations increased sharply, reaching values two to four times those only 10 m up where no sulfide could be detected. The reproducibility of analyses from cast to cast in the top 50-75 m of the anoxic zone was poorer than at other depths, perhaps due to lateral variations in interface chemistry or to small uncertainties in sampling depth. Previous work in the Cariaco Trench (Karl et al. 1977; Tuttle and Jannasch 1973) At depth in the trench, hydrogen concentrations are constant within experimental error from about 500 to 1,300 m. In contrast, methane, sulfide, and nutrient concentrations increase significantly over this same depth range (Richards 1975 
Conclusions
A set of precise and detailed hydrogen data have been obtained for the anoxic portions of both the Cariaco Trench and Salt Pond water column. Values were low (in agreement with data for Saanich Inlet: Lilley et al. 1982 ), but hydrogen concentrations in Salt Pond are an order of magnitude higher than in the Cariaco Trench, probably due to the larger flux of labile organic carbon and higher bacterial populations in the shallower system. Hydrogen concentrations in Salt Pond varied markedly over a diel cycle with increased hydrogen concentrations observed at night. Hydrogen-consuming activity was independent of light in Salt Pond, so increased hydrogen concentrations at night may reflect hydrogen production by photosynthetic sulfur bacteria in the dark. More experiments to elucidate the pathways and rates of hydrogen cycling in anoxic systems may result in valuable insights into the processes controlling hydrogen cycling in these environments.
